JOURNAL OF RESEARCH of the National Bureau of Standards- 
Vol. 66D, No. 2, March -April 1962 



-D. Radio Propagation 



Atmospheric Phenomena, Energetic Electrons, and the 

Geomagnetic Field' 

J. R. Winckler 

Contribution from School of Physics, University of Minnesota, Minneapohs 14, Minn. 

(Received October 17, 1961) 

This paper discusses X-ray measurements associated with the dumping- of electrons 
from the magnetic field, made with balloons and rockets. It is shown that in the normal 
auroral zone the X-ray bursts occur throughout the 24-hour period, have peak intensities 
corresponding to electron flux(^s of 10" to lOVcm^-sec, and have integrated fluxes over a 24- 
hour period of lO'V^m^. In tlu^ auroral zone th(^ X-ray bursts arising from ;^()-kv or higher 
electrons are not corn4ated with visible aurorae. Direct rocket measurenunits of bright 
aurorae in the auroral zone confirm this by showing the absence of appreciable electron 
fluxes above 20 kv. At lower latitudes, however, the X-rays are w^ell-correlated with visible 
aurorae, have peak burst intensities of 10'^ electrons/cm^-sec greater than 30 kv, and are also 
strongly correlated with negative bays in the local magnetic field. The Van Allen outer 
radiation belt electrons provide a suitable reservoir for explaining many characteristics ot 
the X-rays because of the latitude distribution and energy of the trapped radiation. Acceler- 
ation, deceleration, and redistribution processes are suggested which may result in the 
precipitation of these electrons to form the X-rays. 



1. Introduction 

In the last several years a considerable number of 
measui-ements liave been made of bremsstrahluiig 
detected at balloon altitudes and origiuatini,^ from 
energetic electrons inci(Uuit on the high atmosphere. 
Because these measurements may have an important 
relationship to the processes in the ionosphere, the 
magnetic field of the earth and its trapped rachation, 
and the sun, certain features which are emerging in 
the analysis of these data seem worthy of discussion. 

It appears that tlie electrons responsible for balloon 
X-ray events have an energy spectrum much like 
the Van Allen outer zone electrons, and that the peak 
intensity of the bursts at different latitudes follows 
the intensity of outer zone trapped electrons pro- 
jected to the surface of the earth along lines of force. 
It is possible that low-latitude aurorae may be 
largely due to these electrons, but it now seems 
certain that the classical polar am'ora is not so asso- 
ciated, and that it consists almost entirely of very 
low energy electrons. Tliese low energN^ particles 
are precipitated into the auroral zone from a region 
in the magnetic field at 6 to 10 earth radii. This 
region aud the low energy particles which populate 
it (not measured by previous satellites or probes) 
may be the seat of the ring currents assumed respon- 
sible for the main phase of magnetic storms, and for 
the alteration of the Storm er cutoff energies for 
cosmic rays. 

We shall not be concerned here with the origin of 
the polar aurora, but rather will examine the evidence 
for the energetic X-ray electrons, and consider 
mechanisms by which they may be precipitated by 

1 This work was supported by the Office of Naval Research, the National Aero- 
nautics and Space Administration, and the National Science Foundation. 

2 A portion of this material was presented at the URSI Symposium on Physical 
Processes in the Earth's Plasma Environment, May 1, 1961, at W^ashington, D.C. 



ray events by Davis 
the interpretation 

known as auroral 



acceleration, deceleration, or scattering of the outer 
radiation belt electrons. 

The balloon measurements come from the w^ork of 
three groups: Anderson and co-workers at the State 
University of Iowa, Brown and co-woi'kers at the 
University of California, and Winckler and co- 
workers at the University of Minnesota. Balloon 
measurements have been carried out at three loca- 
tions, namely Ft. Churchill, Manitoba, Canada; 
Fairbanks, Alaska; and Minneapolis, Minnesota. 
In addition, the detection of bremsstralilung radia- 
tion b}^ Van Allen and co-workers wath rockoon 
flights above the atmosphere in 1954 and 1955 and 
recent rocket measurements in visible aurorae by 
Mcllwain and in high latitude X- 
have very important l)caring on 
of these data. 

The X-rays have come to be 
X-rays, although this is certainly not correct in cer- 
tain respects, as will be discussed below. Although 
the geographical coverage of the data is meager and 
the balloon observations, compared with other geo- 
physical observations, are infrequent, these measure- 
ments have the great advantage over many geo- 
physical data that tliey are a well-defined physical 
quantity and lead to specific knowledge about the 
spectrum, energy, and time variations of the electrons 
incident on the top of the atmospliere. With such 
knowledge about the properties of the incident elec- 
trons on the atmosphere, the real problems begin 
concerning their origin, their mechanism of discharge 
from the magnetic field, their relationship to the Van 
Allen belts, changes in the magnetic field, and solar 
influences. 

A close association exists between the balloon X- 
ray events and the increase of density of ionospheric 
Z)-layer electrons. This results in the increased 



127 



absorption of radio waves in this region as shown hy 
riometers. The complete analysis of this problem is 
complex and we shall attempt only to give some 
typical data in this paper. 

In an examination of the X-ray data it is apparent 
that the measurements in the auroral zone have dif- 
ferent time behavior and associations than the X-ray 
measurements at lower latitude, and that these dif- 
ferences seem to have a relationship to the properties 
of trapped radiation measured by earth satellites 
and rockets in the magnetic field of the earth. We 
will therefore divide our discussion between the 
characteristics of the X-rays seen in the auroral zone 
and those seen at lower latitudes. 

In the balloon measurements, the X-rays are de- 
tected with steel and aluminum ion chambers, var- 
ious types of Geiger counter configurations, and scin- 
tillation counters. Each of these instruments has a 
definite sensitivity for photons of various energies 
which can be quite well determined. The scintilla- 
tion counters are the most sensitive, and the alumi- 
num ionization chambers and thin wall Geiger 
counters, especially those shielded from background 
cosmic radiation, also have a relatively high sen- 
sitivity. Single Geiger counters can detect the 
stronger events, but are hampered by absorption in 
the counter walls and the large background in the 
atmosphere of charged particles from the cosmic 
radiation. The measurements are commonly made 
at an atmospheric height of 30 to 40 km, which cor- 
responds to about 5 to 10 g/cm^ of air between the 
balloon and the source of the bremsstrahlung. The 
bremsstrahlung is produced in a layer where the 
primary electrons come to rest at a height of about 
80 to 100 km. Between that height and the balloon 
the photons are absorbed in an energy-dependent 
manner, mainly by the photoelectric process, but 



attenuation and degradation also occur by Thompson 
and Compton-type scattering. 

2. Low Latitude X-Ray Bursts 

We shall begin with a discussion of the X-rays as 
observed at Minneapolis, Minn., at a latitude of 
about 55° geomagnetic. The Minneapolis observa- 
tions of X-rays always occur during considerable 
disturbances of the earth's magnetic field and, 
wherever visual observations can be made, are 
found to accompany strong aurorae at the zenith at 
the time of the observation of the bremsstrahlung. 
This was true in the very first case so measured, on 
July 1, 1957, when the aurora was well observed 
visually. Subsequent cases were also observed 
visually and with all-sky cameras located at nearby 
points. One of the most striking cases was the 
great storm of September 23, 1957. We show, in 
figures 1 and 2, the balloon X-ray bursts measured 
by the IGY-type steel ionization chamber and the 
brass Geiger counter^ both relatively insensitive 
instruments, and, for comparison, all-sky camera 
records from Choteau, Mont. The timing of the 
X-ray-produced rate increases with strong features 
of the visual aurora is within approximately 1 min. 
In this case a very long rayed arc stretching across 
much of the northwestern United States was present 
[Winckler, I960]. This means that the origin of 
the X-rays was within ±50 km of the zenith where 
the auroral forms were observed. Thus it cannot 
be stated with exact certainty that the electrons 
producing the bremsstrahlung were a part of the 
individual rayed structures, as these are generally 
less than 1 km in lateral extent. However, the 
limit given above is consistent with the absorption 
of X-rays in the atmosphere so that X-rays from 
greater distances than 50 km would not be detected. 
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FiGUKE l.—Ion chamber {bottom), single counter (top), and photon counter (upper left, separate curve) response 
during the intense auroral storm of September 22-23, 1957. 

The balloon was launched about midnight CST during a lull in auroral activity, which had been very high in the earlier evening. The letters refer to observed 
auroral phenomena as follows: A — Flaming auroral rays reaching zenith from all points of compass. Red color. B— Curtains in north but activity generally de- 
creasing overhead. (B-C) (0735 UT) — Arcs extending in narrow bands across zenith and extending almost to horizon in east and west directions. North dark. No 
rays. C — Extremely strong ray buildup from all directions. Intense red patches at 30° elevation in west. D— Red patches intense again after decrease. E— Flaming 
rays. No red. Activity decreased. F — Strong rays in northwest. Red color. Strong flaming in west. General activity increasing. G — Major ray buildup in west, 
north, and east, with corona. Red color reappeared at 0945 UT. Following G, general intensity decreased with flaming rays. H — Very strong ray structure at 30° 
elevation in east with intense red color. Visible against predawn sky light. 
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Figure 2. Auroral all-sky camera records from Choteau, Montanay on September 23, 1957. 



The intense rayed band which moves across the station in these pictures is associated in time with the great X- ray burst observed at Minneapolis and is undoubt- 
edly a part of the same auroral feature, which existed over a considerable range of longitudes at this time. 



It thus appears that the electrons are locaUzed in a 
region near the rayed or active structures of the low 
latitude aurorae. The cases of auroral-associated 
X-ray bursts measured at Minneapolis have been 
summarized for the IGY in a recent paper [Winckler, 
I960]. Many other observations were made during 
1959 and 1960. Some of these have been studied 
and reported in the literature [Winckler, Bhavsar, 
1960; Winckler, Bhavsar, Peterson, 1961]. In some 
of the very strongest storms the X-rays were accom- 
panied by solar cosmic ray particles. In such cases 
the pliotons could be measured only with special 
instruments such as scintillation counters which 
would respond selectively to the X-rays and not to 
the cosmic ray particles. 

A recent study has been made covering the period 
August 23, 1959 to August 29, 1960 [May, 1961]. 
During this period cases of X-ray bursts were studied 



and correlated with the total niagnelic field of the 
earth measured with a rubidium vapor magnetometer 
at Minneapolis. A summary of these events is given 
in table 1. The tabulation shows the duration of 
the event, the intensity of the X-rays measured in 
terms of the response of the standardized ion chamber 
the estimated mean energy, and tlie total flux of 
electrons striking the top of the atmosphere which 
corresponds to the observed photons at balloon 
heights. Figures 3, 4, and 5 are examples of the 
X-ray bursts observed during this period compared 
wdth the total field magnetometer. These figures 
show very clearl}^ the strong association between 
negative excursions from normal of the magnetic 
field and the precipitation of electrons on the high 
atmosphere. Examination of the records also shows 
tlic nighttime character of the events. In the 1-yr 
period from August 1959 to August 1960, 8,050 hrs 
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Table 1. Summary of X-ray events between 23 August 1959 and 1 August 1960 



(1) 


(2) 


(3) 


(4) 


(5) 


(6) 


(7) 


(8) 


Date 

(UT) 


Flight 


Time 

(UT) 


Peak ion 
chamber 
intensity 
(normalized 
pulses/sec) 


Total No. 

of electrons 

cm2 


Approx. 

time of 
burst 
(min) 


Ratio of rates 

IC IC Al 
Cu Al Cu 


Energy 
(kev) 


23 Aug 59 


M-3 
M-« 
M-7 

M-14 
M-18 
M-37 
M-41 
M-42 
M-43 
M-53 
M-54 
M-55 
M-56 
M-63 
M-67 
M-75 


0850 
0430 
(1)0430 
(2)0750 
0800 
0900 
0345 
0420 
1050 
0600 
0640 
0200 
0620 
1840 
0510 
0630 
0930 


0.002 
.043 
.082 
.022 


2x109 
3x109 
5 X 10i« 
2 X IQio 


95 
35 
110 
110 
190 
50 
30 
185 
215 
200 
85 
130 
370 
390 
245 
85 
75 










2 Oct. 59 
4 Oct. 59 

3 Dec. 59 


0.010 
.024 
.019 


0. 0070 
.0114 
.0091 


1.6 
2.1 
2.1 


64 
51 
52 


11 Jan 60 


.004 
.005 
.007 
.020 
.076 
.295 
.011 


3x109 

1 Xl09 

2 X low 
5 X low 
2 X IQii 
2 X 10" 
2 X 10 10 










1 Apr. 60 

2 Apr. 60 

3 Apr. 60 

29 Apr. 60 

30 Apr. 60 


""."oio' 

.025 
.026 
.028 
.008 


.0092 
.0062 
.0093 
.0095 
.0109 
.0064 


2.7 
2.7 
2.7 
1.2 
2.3 
2.3 
2.1 


54 
64 
55 
55 
53 
69 
56 


7 May 60 
11 May 60 


.012 
.113 
.003 
.019 


2 X IQio 
1 X IQii 
3x109 
1 X IQio 


.024 
.023 


.0103 
.0111 


55 
55 


5 June 60 




.0074 




62 
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Figure 3. Rates of balloon detectors at high altitude {upper) and local total field magnetometer {lower). 

The balloon arrived at ceiling in the middle of the first negative excursion of the magnetometer. After the balloon arrived at ceiling, the X-ray burst shows a very 
■detailed correlation with the negative excursions of the magnetic field. There is a positive excursion of the magnetic field before the auroral events. Note absence of 
response on telescope, showing that the event is due to photons. (From T.C. May 11961].) 
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Figure 4. A large X-ray event observed at high altitude during the April 1960 magnetic storm. 

Note appearance of X-rays duruig negative phase. (From T.C. May [1961].) 
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Fku'RE 5. This X-ray event is superitnposed on a high energy solar cosmic ray event. 
Tlic negative exoui-sioiis of tho masnotomotor eorrolato witli the X-ray burst vory woll. Note that when the fiold soos nogativo, th« intensity of tlie solai- cosmic 
rays docs not increase. The ncfiati ve (excursion of the mafinetonieter is tiierefore a local elTect (magnetic bay) ; that is, it (lo(>s not affect the magnetic cutolf of the i)arti- 
cles which are coming from the sun. (From T.C. May [1%]].) 



of nijignotic records were taken at Mimu^apolis. 
Considering all events in wliieli the inagiuMometer 
excursion was greater than 100 y negative, the total 
number of hours is 134. Eight>'-tliree percent of 
these were in the 12 hrs centered at local midnight. 
Of the 134 disturbed hours, 38.5 lir were covered by 
balloons floating at ceiling altitude at Minneapolis, 
with instruments in proper operation. X-ray bursts 
were observed 64 percent of the tiin(\ On the otlier 
hand, 447 lirs of balloon flight at ceiling with instru- 
ments operating properly A\ere ol)tain(Hl (hiring (piiet 
periods with the magnetic field deviating less than 
100 7 negative and X-rays were observed only 1 
percent of the time. 

A strong correlation has been shown to exist be- 
tween magnetic bays and aurorae [Bless, Gartlein, 
Kimball, and Sprague, 1959]. This association, 
coupled with visual observations which have been 
m.ack^. from time to time, provides convincing evi- 
dence that the whole phenomenon at 7=55° occurs 
sinrultaneously, namely, the presence of visible 
aurora, strong negative excursions of the m.agnetic 
field, and the precipitation of electrons from the 
n}.agnetic field into the atmosphere. The magnetic 
storms which produce aurorae at 55° geomagnetic 
latitude at the zenith are mainly the large storms 
of the period of solar maximum.. The aurora, X- 
rays, and other associated events occur during the 
main phase of such storms. Since the storm time 
magnetic field lias a systematic worldwide character, 
and is not dependent on local time, the efl^ects 
mentioned above which are highly concentrated in 
the dark hours may be considered to be nighttime 
intensifications of the phenomena which occur during 
the main phase. It is well known that the main 
phase contains many local large variations which 
differ from one longitude to another. Apparently 
the local time eftect refers to these superposed devi- 
ations during the main phase which are not world- 
wide in character. 



Figure 6 shows a further measurement, this time 
with a scintillation counter, of X-ray bursts at 
Minneapolis acconipanying a series of magnetic bays 
during a storm on July 16, 1960. Several interesting 
features are shown by the scintillation counter which 
are not detected by the ion chambers. First, the 
very short time scale of the X-ray fluctuations is 
shown, as bursts are observed down to the limit of 
tune resolution of the scintillation counter which lies 
in the range of a few seconds. Such rapid fluctua- 
tion can only be due to the irregular manner in which 
the electrons are precipitatecl on the atmosphei'e. 
Second, the steepl^^ J'ising photon intensity, as 
measurements are made at lower and lower energies, 
is also apparent by comparing the low energy and 
high energy channels in figure 6. 

It is well, at this point, to consider the problem 
of inferring from the observed bremsstraldung 
intensity and s])ectrum at balloon heights the flux 
and spectrum of the electrons incident on the top of 
the atmosphere. This inter])retation involves 
knowledge of the processes in the ''thick target'' 
conversion of electrons to bremssti'ahlung in the 
atmosphere, the processes of ahsorption of this thick 
target spectrum as the photons proceed down to 
balloon altitudes, and the relative sensitivity of the 
instruments in the dift'erent regions of the brems- 
strahlung spectra. Possible solutions of this inter- 
pretive problem have been obtained by careful cal- 
culation of all the various steps in the process from 
theoretical and emph'ical information. Since such 
a procedure is complex and is frequently criticized, 
a direct experimental check on the entire process has 
also been carried out by the specially constructed 
laboratory X-ray generator shown in figure 7. This 
machine is a small accelerator working in the range 
20 to 100 kv, and a known cm'rent of electrons can 
be made to bombard an alumimun target on the 
end of the accelerating tube. Experimental appa- 
ratus can be placed below this target. In this way 
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Figure 6. Scintillation counter record of an X-ray event 
measured at Minneapolis. 

Note the concentration of photons in the low energy channels and the corre- 
spondence to negative excursions of the total field magnetometer. 

the theoretically expected bremsstrahlung response 
of the ion chambers and counters was compared 
directly with the measured values [May, 1961]. 
The theoretical data for the thick target brems- 
strahlung spectra in air were obtained from the 
work of Casper (State University of Iowa, private 
communication). These curves give the photon 
spectrum radiated by monoenergetic electrons which 
slow down and lose energy mainly by ionization in 
the atmosphere, and at each energy in the slowing 
down process radiate the appropriate quanta due to 
the bremsstrahlung process. Correction was made 
for the aluminum-to-air dependence of brems- 
strahlung production in the electron target and the 
response of the ion chambers and counters was 
calculated from the known atomic processes involved 
in the absorption of the X-rays of various energies. 
In this way tlie ionization chamber pulsing rate and 
the Geiger counter counting rate were computed for 
a normalized flux of electrons of each energy. 
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Figure 7. Laboratory simulation of atmospheric 
X-ray processes. 

The unit shown is the standard balloon monitoring unit but measurements 
have also been made using scintillation counters. 

These calculated results agree extremely well with 
the laboratory measurements where the entire situa- 
tion was simulated with the X-ray accelerator. A 
block of dry ice was used to simulate the atmosphere 
above the balloon. A comparison at two typical en- 
ergies is given in table 2, between the theoretical and 
experimental results. The standard monitoring in- 
struments like the ionization chamber and Geiger 
counter can, of course, only give a mean energy for 
any measured spectrum. Various trial spectra for 
the electrons incident on the atmosphere can be put 
into the process and the ratios of the response of 
the instruments can be determined. This can then 
be compared with the measured ratio for estimating 
the probable type of spectrum and the electron flux. 
Such results are summarized, in the columns of table 1. 
From the scintillation counter, on the other hand, 
spectral information is obtained about the photons. 
Then the trial electron spectra, when converted to 
photons, can be compared with the experimental 
curves much more precisely. In principle, for brems- 
strahlung observations it is impossible to infer in a 
completely unambiguous manner the electron spec- 
trum from the observed photon spectrum in the 
atmosphere. However, the method of ^^triaP^ elec- 
tron spectra gives useful results and is consistent 
with the present state of knowledge of the entire 
subject. Such a calculation has been carried out for 
the aurora of May 12, 1959 by Bhavsar [1961]. 
Typical results of this are given in figure 8. An 
electron spectriun represented by the following 
power law relation fits the observed values at the 
lower energies: 

A^(>£;) = 0.66X10^^£'-^ 

with E in kilovolts, the spectrum representing an 
average over an 80-min burst. This power law 
spectrum is similar to that estimated for the outer 
zone of the Van Allen trapped radiation [Vernov and 
Chudakov, I960]. At higher energies the observed 
photon spectrum flattens more than can be produced 
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Table 2. Experiments and calculated chamber response to 
d-c X-ray machine 



Electron energy 
(kev) 


Experimental response 
(pulses/electron) 


Calculated response 
(pulses/electron) 


50 


2. 2X10-13 
9. 5X10-13 


2.1X10-13 
9.7X10-13 


75 





by a simple power law electron spectrum. The scin- 
tillation counter results of Bliavsar on the aurora of 
May 12, 1959 show that a photon flux of GOO/cm^-sec 
greater than 22 kv was measured at balloon heights 
of about 30 km or 10 g/cm' depth. The peak inten- 
sity of electrons precipitated on the top of the atmos- 
phere of £'>22 kv energy was lO^/cm'-sec. The 
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Figure 8. 



Trial spectra for dumped electrons during the May 1959 
geoniaqnetic storm (Bhavsar [1961]). 
Kloctron energies for the spectral formula at top of figure are in Mev. Observations are the crosses and dashed curves. 
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average number over an 80-min period which covered 
tlie intense part of the aurora >22 kv incident on 
the top of the atmosphere was lO^V^m^. The num- 
bers given in table 1 from the work of May [1961], 
which have been derived assuming a power law 
spectrum with an exponent which gives the observed 
ratio of the counting rates of the instruments, give 
values between 10^ /cm^ and 2X10^Vcm^ averaged 
over a typical electron burst of approximately 100 
min duration. The spectra averaged over a period 
of bursts is probably the most satisfactory to use for 
further comparison. May [1961] has pointed out 
that the detailed structure of a burst shows varia- 
tions in the spectra in a random manner as shown 
by large fluctuations in the ratio of the ion chamber 
and counters responding to the X-rays. 

The X-ray bursts observed at geomagnetic latitude 
55° at Minneapolis may be summarized as follows. 

(1) The bursts occur during strong bays or during 
the main phase of vigorous nuignetic storms. 

(2) Where visible auroral observations may be 
made, the X-ray bursts are correlated very well with 
aurorae at the zenith, particularly rayed structures. 
The time comparison is within the limit of accuracy 
of the measurements and may be as short as 1 min. 

(3) The X-ray bursts, the magnetic disturbances, 
and the aurora in general center during the night 
hours local time. 

(4) The flux of electrons producing the X-ray 
bursts varies between 10^ and 10^^ electrons/cm^ 
during typical burst times of approximately 1 hr. 
The peak intensity may reach 107cm^-sec in strong 
aurorae. 

(5) The electron spectra which best fit the observed 
photons at balloon height are very steep and can be 
represented by a powder law^ spectrum with exponent 
of 4 or 5 for the differential energy of the electrons. 

3. Auroral Zone X-ray Bursts 

Numerous observations have now^ been made, in 
the auroral zone of latitudes, of X-rays similar to 
those described above, at Fairbanks, Alaska, and Ft. 
Churchill, Manitoba. The earliest observation of 
what apparently is the same type of radiation now- 
observed w^ith balloons in the auroral zone was made 
by Van Allen [1957] using the ^'rockoon^' sounding 
rocket technique. The rockoons frequenth^ showed 
the presence above the atmosphere of much enhanced 
soft radiation. Van Allen identified this radiation 
as bremsstrahlung in a range of energy similar to 
the auroral X-rays. An example of such enhanced 
radiation above the atmosphere is given in figure 9 
(from Van Allen^s paper). The rockoon shots over 
a range of latitudes localized this sporadic radiation 
in the normal auroral region. However, the radia- 
tion was frequenth' not present on rocket soundings 
even in the auroral zone. The rockoon observations 
show that even at the time of sunspot minimum the 
bremsstrahlung high in the atmosphere could be 
observed. The typical fluxes observed by Van 
Allen and co-workers for the soft radiation above 
the atmosphere were found to be 10^ to 10^ electrons/ 
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Figure 9. Time history and altitudes of a sounding rocket 
(rockoon) fired near the auroral zone {Van Allen [1957]). 

This constitutes the first observation of what is probably an auroral zone X-ray 
event of the type detected many times with balloons. 

cni^-sec for E^-IO kv, and the energy somewhat 
lower than is accessible to balloons. Van Allen 
called the bremsstrahlung ''auroral radiation^' but 
the direct association with visible aurorae was never 
made, due to daytime rockoon firings or cloud}^ 
skies. Later findings indicate that this rockoon 
soft radiation is probably not associated directly 
with aurorae. 

The first observation of X-rays in the auroral zone 
with balloons was made by Anderson [1958] in Au- 
gust of 1957 at Ft. Churchill, geomagnetic latitude 
69°. The soft radiation occurred during a consider- 
able magnetic disturbance but was not definitely 
correlated with visible aurorae. Some variations 
were observed corresponding with changes in the 
earth's magnetic field, however, Anderson later ap- 
plied scintillation detectors to the X-ray measure- 
ments in the auroral zone and has obtained many 
examples of bursts from which energy spectra could 
be derived. A good example of such bursts is shown 
in figure 10 during the August 17 to 18, 1959 geo- 
magnetic disturbance. These measurements are of 
importance because the very elliptical orbit earth 
satellite Explorer VI w^as transmitting at this time 
and there was an opportunity to compare the inten- 
sity of the trapped radiation on lines of force connect- 
ing the satellite with the atmosphere at Ft. Churchill. 
This will be discussed below. 

Figure 10 shows several features of the auroral 
zone bursts w^hich seem to be typical. One of these 
is the appearance of the X-rays during both the day 
and night. The second is the results of the rates at 
different energy ranges which show that the spec- 
trum is similar to that measured at lower latitudes 
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P'kure 10. Counting rate of the scintillation detector due to energy losses greater than 25 kev 
during a very long balloon flight over Churchill. 

At no tiine duriiijr tiiis fliiiht did a thin wall Goiger counter telescope depart from the cosmic ray rate, showiiiii that very few electrons could liave accompanied 
the X-rays. (From Anderson and Knemarlc [HHK)].) 



described earlier. Detailed analysis [Anderson and 
Eneinark, 1960] shows a very steep spectrum which 
can possibly bc^ fitted by a power law but sometimes 
shows a llattening out at high (Clergies. In a way 
similar to the lower latitude nuMisurements, tlie in- 
dividual bursts are of very short duration and ap- 
preciable variations in a time of about 1 sec can be 
found. Anderson has also shown that the auroral 
zone energetic X-rays are not coincident in time with 
visible aurorae. Figure 11 [Anderson and Enemark, 
1960] compares the X-ray bursts with all-sky cninera 
pilot ographs which show that at the time of active 
forms at the zcnitli the X-rays were absent, but that 
the bursts occuri'ed prior to the beginning of active 
forms. The well-known midnight maxima of aurorae 
in the auroral zone compared with the round-the- 
clock occurrence of the energetic X-ray bursts also 
show the lack of association. 

Recent rocket experiments by Mcllwain [1960] 
show dramatically the difference in energy of the 
particles causing the visible aurora in the auroral 
zone from energies measured in balloon X-rays. In 
figure 12 we I'oproduce two figures from Mcllwain 's 



paper which show the very high energy flux measured 
in a bright aurora in the form of electrons of 6 kv or 
less, and at the sanu^. tunc no detectable effect on a 
Geiger counter of the type used in balloons. Al- 
though tlie Geiger counters at balloon height show, 
in general, small effects l)ecause of their low sensitiv- 
ity, the rocket counter which went directly through 
the intense part of the aurora nevertheless is very 
significant in showing the absence of any bremsstrah- 
lung above 20 kv. With fluxes as high as 5,000 
ergs/cni^-sec, whicli corresponds to electron fluxes 
10^' to lO^Vcm^-sec, the flux of electrons >20 kv 
must have been less than 10^/cm^-sec. Davis, Berg, 
and Meredith [1960] have also jneasured the flux of 
electrons and ions associated with aurora using rocket 
techniques at Fort Churchill hi 1958. Davis' rocket 
firings did not penetrate directly through the intense 
region of an aurora, but detected electron fluxes in 
the range 8 kv < £' <100 kv of 0.5 to 2.5 erg/cm^, 
sec-ster. These fluxes occurred in diffuse surfaces 
and post-breakup rayed structures of intensity I. 
Davis has also measured directly with rockets the 
electrons associated with auroral zone X-rav events 
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UNIVERSAL TIME 18 AUGUST 1959 

Figure 11. Balloon X-ray record and all-sky camera photos. 

The balloon was directly under the visible aurora, but the X-ray bursts in this case preceded the active forms of the aurora and were not time coincident as at 
lower latitudes. 



of the type detected with balloons. These measure- 
ments give miportant information about the pre- 
cipitation process from the magnetic field and will be 
discussed later. 

Some statistics concerning the X-rays and the 
electron spectra producing them from the work of 
Anderson from the Ft. Churchill observations, are 
as follows : 

Electron spectra A^(>£')-1.1 XIO^ g-o.o4^| Maxi- 

[ mum of 
Electron flux >25 kv =4X10^ cm-^ sec-'J burst 
Auroral zone X-rays present 40% of time. 
X-rays not closely correlated with magnetic con- 
ditions. 
Daily flux into atmosphere '^10^7cm^. 



All of the balloon groups have reported at high 
latitude strong correlation between the X-ray bursts 
detected by the balloon instruments and the iono- 
spheric absorption of radio waves, for example, by 
riometer measurements. ^ ^Auroral" absorption of 
extragal actio radio waves is frequently mentioned in 
the literature. How^ever, the ionospheric effects 
with which we are interested are of a different type, 
are separated from the aurora, and are produced by 
relatively high energy electrons. In many cases the 
absorption follows in great detail the intensity of the 
X-rays observed at balloon heights. Figures 13 and 
14 show comparisons of the Ft. Churchill riometer 
(courtesy T. R. Hartz, Canadian Defence Research 
Board, Ottawa) and balloon ion chambers flown by 
the Minnesota group during the summer of 1960. 
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Figure 12. Total energy {upper) and Geiyer counter rate 
(lower) during a rocket trajectory at Ft. Churchill which passed 
directly through a bright visible aurora. (From Mcllwairi 
[I960].) 

Note the absence of any effect in tlie Geitior tube. The electrons were coii- 
centrated at approximately 6 kev. 
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Figure 13. Ionization chamber record and riomctcr 
absorption at Ft. Churchill. 

The ion chamber characteristics are described by May [1961]. The i)eak rio- 
meter absorption is several decibels. 
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FiGiTRE 15. An example of a riometer event not seen 
by the balloon instruments. 

It is believed that the local character of the event, and tluMlilTcrence in location 
of the balloon and riometer aritcTUia pattern, prodnced this lack of correlation. 

Tliese cases show tliat tJio absoj'ptioii evoiit l)og-iiis 
when the X-rays first appeal', that tlie (letailcnl ion 
cliamber peaks*^are reflect (hI in tlie riometer absorp- 
tion increases, and that tlic high intensity l)ursts 
of X-rays correspond to hirge absorption. Figure 
15 shows a case in whicli riometer absorption wns 
detected but no disturl)ances at balloon height were 
observed. We believe Ihnt this poor correlation is 
due to the latitude and longitiuh^ drift of the balloon 
which carried it away from the region covered by 
the riometer antenna and that tlie precipitation was 
local enough in nature so that the correlation was 
destroyed. The auroral absorption seen on riometers 
has been discussed by Chapman and Little [1957]. 
In this paper the authors noted that the greatest 
absorption occurred during the pulsating period of 
the aurora and suggested that this absorption may 
have been connected with the X-rays discovered at 
balloon altitudes. We have made the argument 
[Wlnckler, Peterson, Hoffman, and Arnoldy, 1959] 
that, since the primary electrons carry 10^ to lO'^ 
times the energy carried by the X-rays, the absorp- 
tion was likely caused by the primary electrons 
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themselves even thougli they do not penetrate very 
much into the P-layer of the ionosphere. However, 
the riometer absorption probably does not occur 
above heights of 70 km. If tins is true, it is difficult 
to see how the primary electrons can penetrate this 
far into the atmosphere and cause the absorption. 

Recently, Brown, Hartz, Landmark, Leiiibach, 
and Ortner [1961] have shown the widespread cor- 
relation between a balloon X-ray burst detected b}^ 
balloons at Fairbanks, Alaska, at the time of sudden 
commencement of a magnetic storm and rionieters 
distributed over the auroral region including sta- 
tions in Norway and Sweden. The correlated 
absorption increase of several decibels occurred 
during auroral activity at many of the stations but 
was detectable because it was a sharp, isolated absorp- 
tion maximum lasting only a few minutes. The 
precipitation of the electrons occurred only in a ring 
or a series of patches around the auroral zone and 
not over the complete polar cap. A few cases are 
available in which such X-ray events were studied 
by balloons at several locations simultaneously, for 
example the July 16-18, 1960 event. It is evident 
that more correlation is obtained between balloons at 
high latitudes near the auroral zone than between 
the auroral zone and southerly latitudes at Minne- 
apolis. In fact, in most instances during X-ray 
bursts observed at Churchill, no correlation at all 
is obtained with bursts at Minneapolis. Similarly, 
there are good cases on record in which the precipi- 
tation of strong X-ray bursts at Minneapolis is not 
accompanied by any detectable effect at higher lati- 
tude. For example, on September 3, 1960, a strong 
X-ray burst was recorded at 0111 UT only at Minne- 
apolis [Winckler, Bhavsar, Masley, and Ma}^ 1961]. 

Estimates have been made of the electron fluxes in 
the auroral zone causing the bursts there and in gen- 
eral these estimates show a smaller flux than at 
lower latitudes. For example, the event studied by 
Brown, Hartz, Landmark, Leinbach, and Ortner 
[1961] described above corresponds to a flux of 2 to 
6X10^ electrons/cm^-sec with energies>50 kv. The 
total integrated electron intensity was 3 to 9X10^ 
electrons with energy > 50 kv per cm^. Brown 
[1961] finds that at Fairbanks, Alaska, during June 
and July 1960, the auroral zone X-rays are detect- 
able with Geiger counters apppoximately 10 percent 
of the time at pressure altitudes in the range 10 to 
1 5 mb . The dady flux of electrons with energies > 50 
kv is about 6X10^^ particles/cm^. On August 16, 
1959, Anderson and Enemark [1960] found a peak 
flux of primar}^ electrons >25 kv of 4X10^ on a 
vigorous event. The maximum photon flux ac- 
companying such bursts was 40 photons/cm^-sec 
above 22 kv. However, Anderson also concludes 
that the influx of electrons occurs a much greater 
proportion of the time in the auroral zone than at 
Minneapolis. These estimates show that an aver- 
age flux of 10 photons/cm^-sec may be present as 
much as 40 percent of the time and that these meas- 
urements are conservative. Thus, although the 
peak intensities are much lower as can be seen by 
comparing these figures with the fluxes mentioned 



above at the latitude of Minneapolis, the larger num- 
ber of the bursts of all sizes still brings the total 
number of electrons precipitated to quite a high 
value. Anderson estimates that the daily flux of 
electrons above 25 kv energy lost in the atmosphere 
over the auroral zone is of the order of lO^^/cm^- 
Similar observations were obtained by the Minne- 
sota group in flights made at Ft. Churchill during 
the summer of 1960 when the sporadic X-ra}^ bursts 
were observed on many occasions. The correlation 
with the riometer shown in figures 13 and 14 are 
examples of these bursts. The mean energies are 
similar to bursts observed at Minneapolis with the 
same instruments, but in general, the intensities are 
less. 

In summary, the characteristics of the X-rays 
observed in the auroral zone are that thev occur a 
considerable fraction of the time at low intensity, 
that enhanced intensity occurs during geomagneti- 
cally disturbed periods, that the peak intensity of the 
bursts is much lower than at lower latitudes, that 
the bursts are not closely associated with visible 
aurorae, and that in the auroral zone at certain times 
widespread close time correlations are observed in the 
pi'ccipitation of the electrons but that sometimes also 
the precipitation at high latitude and that at inter- 
mediate latitude are apparently not correlated in 
tune in any detail. 

The discovery of the trapped radiation belts 
around the earth has resulted in a fresh and very 
promising approach for understanding the phe- 
nomena of the aurora. It is the opinion of the 
writer that the precipitation of the electrons produc- 
ing the balloon X-ray events may have a sunilar 
close connection with the trapped radiation. In 
this case the possibility of discovering relationships 
is even better than for the visual aurora, since the 
energy range of the electrons producing the balloon 
X-rays is similar to that of the trapped electrons 
whicii have been measured with counting devices in 
satellites and space probes. The presence of a large 
reservoir of radiation contained in the magnetic 
field a short distance above the atmosphere may 
provide a source for the electrons seen entering the 
atmosphere, and a search should be made for suitable 
perturbation mechanisms by which the trapped 
electrons may be discharged into the atmosphere at 
a time of magnetic disturbances. 

It should first be pointed out that the general 
appearance of the energy spectrum of the precipitated 
electrons deduced from the balloon observations 
is similar to the spectrum of electrons in the outer 
zone of the Van Allen regions which has been ob- 
tained from rocket and sateUite measurements. The 
differential spectrum deduced from the balloon 
measurements has the form CE~^. According to 
Vernov and Chudakov [1960], the spectrum in the 
high intensity region of the outer radiation zone can 
be represented by a similar spectrum CE~^ Of 
course, this similarity of spectra is no proof in itself 
that the precipitated electrons actually are a part of 
the trapped reservoir. However, there are other 
relationships which support this view. We show in 
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figure 16 ji ])rofile of the outer radiation zone along a 
radius in the equatorial plane. These data were 
ohtained from the satellite Explorer VI with the 
l^niv^ersity of Minnesota Geiger counter unit 
[Arnoldy, Hoffman, and Winckler, 1960a]. The 
two curves are for two periods representing the first 
week of Explorer VI during a quiet period, and the 
higfier curve during an enhanced period following a 
strong geomagnetic disturbance. Also shown in 
figure 16 are the dipole lines of force which show the 
connection with the earth ^s surface in geomagnetic 
latitude. We see that a line of force intercepting 
Ft. Churchill or Fairbanks, Alaska, reaches the 
equator between 40,000 and 50,000 km from earth 
center. In this region there is an appreciable 
intensity of trapped electrons of 50-kv mean energy. 
During the quiet period, August 7 to 14, 1959, as 
shown in the lower curve in figure 16, the intensity 
on the Ft. Churchill line of force, however, was near 
the cosmic ra,y background wliich, in this figure, was 
about two counts per second. About an ordei' of 
magnitude more counting rate was observed during 
the enhanced period from August 24 to 30. If we 
consider a line of force which comu^cts with the 
latitude of Mirmeapolis at abcut 55°, we find that 
this coimects in the radiation belt just at the region 
of most intense trapped radiation in the equatorial 
plane. Durijig tlie history of Explorer \1, the outcu' 



zone exhibited a complicated structure, frequently 
having two maxima which are well illustrated in 
figvu'e 16. It was observed that the outer of these 
tAvo maxima was the most strongly modulated by 
tlu^ geomagnetic disturbances. In this region of the 
radiation belts the intensity is some 1,000 times 
gi-eater than in the region connecting with the 
surface in the auroral zone. It appears to be not 
m.ere chance that the peak intensity of the X-ray 
bursts observed at Alinjieapolis is considerably 
larger than the peak intensity of bursts observed in 
the auroral zone region, and that this fact implies 
that the trapped racUation may, in fact, constitute 
the reservoir from wliich tlie balloon X-ray events 
are produced. 

Another interesting feature of the outer radiation 
belt is shown in figure 17. This figiu'e derived by 
Van Allen and co-workers (pi'ivate (communication) 
from the satellite Explorer VII shows the location 
of the maximum of the outer radiation belt at heights 
of about 100 km. Th(^ satelHte ])assed through the 
lower edge of the lra|)ping region at 1,000 km and 
the position at this altituck^ is then projected down- 
wai'd along a local magnetic line of force to the 
altitude of 100 km where discluirged radiation would 
enter the dense atmospliere. Each point repre- 
sents a value so obtained at 100 km from a pass of 
the satellit(\ Thc^ curved lines on th(^ map labeled 
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Figure 16. Profile of the outer Van Allen region along a radius in the magnetic equatorial plane 
measured by the Geiger counter on Eccplorer VI. 

The lower curve refers to about one week's observations before a strong; magnetic storm and the upper curve to observations following the storm. The auroral 
zone connected region shows the appearance of trapped electrons from August 24 to August 30. Before this time only cosmic ray background intensities were detected. 
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Fic.URE 17. The outer zone maximum at 100 km from Explorer VII {Van 
Allen, private communication) measured at 100 km and projected downward 
along field lines. 
Note that Minneapolis lies directly under this maximum zone. 



with L numbers from 2 to 8 represent guiding center 
shells and the L value refers to the radius in the 
equatorial plane where this shell crosses. We see 
that the outer zone locus conforms well to the shape 
of this pattern of shells derived from the well-known 
properties of the electrons trapped in the geomagnet- 
ic field. It should be noted also that the center of 
this region is about 1° in latitude north of Minneap- 
olis and is located between 56 and 57° geomagnetic. 
Pigures 16 and 17 are quite consistent in their impli- 
cations although they were measured over consider- 
ably different periods of time. The balloon measure- 
ments of auroral zone X-rays made by Anderson on 
August 17 and 18, 1959, shown in figure 10, are 
especially significant as Explorer VI was making 
passes through the magnetic shell connecting to 
Ft. Churchill, the balloon location. This region of 
the radiation belts normally gave only cosmic ray 
background rates on the Anton type 302 counter in 
Explorer VI [Arnoldy, Hoffman, and Winckler, 
1960a]. On August 17 a significant intensity of 
trapped electrons appeared in this region giving a 
rate in space from bremsstrahlung of about 20 to 40 
c/s and showing much structure between 48,000 and 
32,000 km. The intensity in this far edge of the 
outer zone remained high until September 4. This 
is shown also in figure 16 (enhanced curve). The 
X-ray bursts at Ft. Churchill during this time were 
exceptionally intense for auroral zone bursts. 

Early in this storm on August 16 the Anton 302 
counting rate in the main outer zone showed a sub- 
stantial decrease [Arnoldy, Hoffman, and Winckler, 



1960a]. This was interpreted as a dumping process. 
The loss of energetic radiation was contained in 
lines of force reaching to the latitude of Minneapolis, 
where a strong aurora was observed. Aurorae of this 
type, with corona and rayed structure at the zenith, 
invariably accompany X-ra}^ bursts in cases where 
balloon observations are available. The dumping, 
however, must accompany redistribution and energy 
changes of the trapped radiation. Sufficient radia- 
tion apparently disappeared from the trapping region 
on this occasion to have accounted for a strong 
balloon X-ray event. 

An explanation of the X-ray phenomena in terms 
of the trapped radiation and processes in the geo- 
magnetic field, of course, excludes the possibility 
that the balloon X-ray electrons are injected directly 
from solar streams. So far, only one conclusive case 
exists in which it can be shown that such solar 
injection does not occur. This was during the history 
of the deep space probe Pioneer V [ Arnokh^, Hoffman, 
and Winckler, 1960b] when it was shown that by 
comparison with the earth satellite Explorer VII 
[Van Allen and Ching Lin, 1960] large changes in 
the outer radiation belt occurred when the electron 
flux in deep space was negligibly small. We will 
assume that the observation on this one event on 
March 31, 1960 is typical of other cases and, in fact, 
that it is unreasonable in any case that the 50-kv 
electrons would be able to find their way from the sun 
and be injected into the earth ^s field in a manner 
sufficient to produce the observed trapped radiation. 
In fact, the whole auroral phenomenon and the X-ray 
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observations boeome mucb easier of understanding 
if one assumes tliat they are caused b3' particles whicli 
constitute tlie trapped radiation surrounding the 
earth. For example, the continual precipitation of 
small fluxes of X-rays in the auroral zone occurs from 
a part of the earth's field which is at a large distance, 
where the field is weak and solar plasma streams can 
frequently and easily perturb the field. On the other 
hand, the precipitation of electrons from the heart 
of the outer zone, which is at a much smaller distance 
from tlie earth's center, can only occur during violent 
magnetic distrubances, but then one might expect 
much larger peak fluxes of electrons and X-rays. 
It has been clearly demonstrated in the first section 
of this paper that this is the manner in which the 
balloon X-rays are actually observed to occur. 

However, the process of the precipitation of elec- 
trons from the magnetosphere into tlie dense atmos- 
phere at 100 km cannot be merely a simple ejection 
from a static reservoir. In order to bring electrons 
out of the field, acceleration, deceleration, and 
redistribution of the entire spectrum of electrons 
present in the trapped radiation must occur. A 
crude spectrum of electrons which may participate 
in these processes during perturbation of the field is 
given in figure 18. These densities are those esti- 
mated for the upper ionosphere, whistler phenomena, 
visible aurorae, and the trapped radiation studied 
with counters in satellites. The ])oi'ti()n of the 
spectrum measured in the balloon X-ray and satellite 
experiments lies mainly between 10 and 100 kv. 

If an X-ray observation shows a certain fiux of 
electrons entering the atmosphere at the foot of a 
line of force, then these electrons at some point along 
their guiding center trajectory must enter the 
'^dumping'' cone of pitch-angle directions. This 
cone of directions is defined bv 



sin^ Xprr. 



1 



B ~'B, 



where \l/,n is the angle to the local field direction at 
a point on the line of force of field intensity B, Bi is 
the field intensity on the same line of force at a height 
h where tlie electrons are removed by atmospheric 
scattering. This height may lie between 100 and 
300 km, and \l/=90^ in this region. At the equator 
on a trajectory or shell connecting to Minneapolis 
the dumping cone half-angle collapses to about 7°. 
Under ^'quiescent'' conditions the dumping cone 
should be empty of particles. Any process which 
injects particles into the dumping cone at any posi- 
tion along a line of force may cause precipitation. 
Such processes might be betatron type acceleration 
or deceleration, scattering by hydromagnetic waves, 
or perturhation by VLF electromagnetic waves 
especially if the frequency is near the gyrofrequency 
of the electrons. Multiple coulomb scattering, even 
during periods when the scale height of the atmos- 
phere increases during storms, cannot be a primary 
mechanism for producing the intense, rapid and 
sporadic balloon X-rays. On a line of force con- 
necting to the am'oral zone the dumping cone col- 
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Figure 18. Estimate of relative concentration of electrons 
of various energies trapped in the geomagnetic field. 

lapses to a much smaller angle, approximately 3° at 
the equator. 

Thus t)otli the volume in velocity space and the 
surrounding fiux of electrons w^hich may enter this 
volume are larger for Minneapolis tlian for the 
auroral zone. 

Electrons in the dumping cone w^ere observed in 
a striking manner by the rocket observations of 
Davis, Berg, and Meredith [I960]. Figure 19 repro- 
duces preliminary electron distributions at 100 km 
above Ft. Churchill on June 6, 1960, at 1110 UT. 
It can be seen that as the intcmsity of electrons 
increases, the angular distribution changes from 
a flat form with maximum intensity at i/'^TO^ to 
a form with direction between \l/={) and \p=l^ filled 
in by trajectories. 

Since the dynamics of the outer Van Afien belt 
presents such a complex problem, in this paper 
oidy certain requirements to be met by a ^'dumping'' 
mechanism will be statec' 
made for mechanisms to accomplish this. 

The requirements are : 

(1) The frequent discharge into the auroral zone 
atmosphere of electrons from a region or shell 
crossing the geomagnetic equator at 6 to 7 earth 
radii. The discharge must occur in both the sunlit 
and dark hemispheres. It may be intensified at 
times of magnetic disturbances but must also occur 
(ha'ing ^'quiet'' periods as shown by surface mag- 
netometers. 

(2) At times (e.g., at a sudden commencement) 
the auroral zone dumping must occur shnultaneously 
over a wide range of longitudes. At other times 
the dumping may be local. 

(3) The integrated 24-hr flux of electrons dumped 
from the far reaches of the geomagnetic field may 
equal or exceed the total trapped fiux in that region. 
Thus the store of electrons in a lower energy region 
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Figure 19. Angular distribution of electrons showing dump- 
ing during an intensity increase observed near 100 km, altitude 
at Ft. Churchill by Davis (^private communication) in 1960. 

Note that the intensity increase shows much more strongly for directions along 
the magnetic field. These electrons are emerging from the ''dumping cone" near 
the atmosphere. Time of firing: 1110 UT on June 6, 1960. 

shown in figure 18 must be utilized through a local 
acceleration mechanism. Direct injection from sohir 
clouds does not seem likely. 

(4) The dumping mechanism nmst operate selec- 
tively for the high latitude, high energy electrons so 
that strong time correlations with the dumping of 
low energy visible auroral radiation are not obtained. 

(5) In the case of strong low latitude auroral and 
magnetic storms, dumping must occur from the 
heart of the outer zone at about 3.5 earth radii. In 
this case it is probable that all energies of auroral 
particles including balloon X-ray electrons appear 
in the atmosphere simultaneously. 

(6) Low latitude dumping must be time-correlated 
with local negative magnetic bays. 

(7) The peak dumped electron flux at approxi- 
mately 50 kv must at times reach 10^ electrons/ 
cm^-sec at low latitudes. In the auroral zone the 
peak flux must be 10^/cm^-sec. 

Several classes of phenomena may be considered 
with dumping as one of the consequences. Slow 
changes in the magnetic field with characteristic 
times from many minutes to days may involve major 



distortions of the dipole field. In such cases beta- 
tron processes may alter the energy spectrum and 
redistribute the trapped radiation. During betatron 
processes the invariants of motion in a fixed field 
may not be preserved and redistribution of the 
radial profile of trapped radiation may result. Thus 
it is conceivable that either acceleration or decelera- 
tion accompanied by migration of electrons radially 
inward or outward may occur and cause injection 
into the dumping cone. The mixing of tubes of 
force has been suggested bv Gold (presented to 
UKSI meeting May 1, 1961 /Washington, D.C.) as 
a means for redistributing the low energy trapped 
radiation. The effect on high energy trapped elec- 
trons is not laiown, but may be small. This kind 
of mechanism may be able to provide a selective 
dumping of auroral particles and X-ray electrons at 
high latitudes. 

Rapid changes in the nnagnetic field in the fre- 
quency range of 1 c/s to 50 kc/s seem a very promising 
mechanism. Powerful scattering may occur if hy- 
dromagnetic or VLF frequencies approach the 
cyclotron frequency of the trapped electrons. Meas- 
urements of micropulsations during magnetic storms 
have been made by man 3^ observers. Recently 
K. A. Anderson (private communication) has shown 
that the auroral zone X-rays occur in close time 
correlation with periodic micropulsations in the 1 
c/s range. VLF emissions observed by Gallet 
(private communication) also seem correlated in a 
general way with the appearance of electron precipi- 
tation, particularity the type of emission Iviiown as 
narrow band hiss. Such emissions may occur near 
the cyclotron frequency for electrons at large distance 
in the geomagnetic field. 

Recently Akasofu and Chapman [1961] have pro- 
posed a neutral line theory to account for specific 
features of the visual aurora. They have not 
applied their ideas to the dumping of energetic 
electrons. The lack of correlation between auroral 
zone X-rays and auroral zone visual aurorae presents 
some difficulties for understanding the energetic 
electron phenomena on the basis of their ideas. 

The lowering of mirror points by solar stream 
distortion of the geomagnetic field has been proposed 
by Kern and Vestine [1961] to account for the night- 
time polar electrojet. Because the X-ray production 
has no strong nighttime dependence in the auroral 
zone this mechanism may not be applicable. How- 
ever, the preferential nighttime dumping at Minne- 
apolis must in some indirect way be related to such 
an asymmetry with respect to the solar direction. 
Other mechanisms involving electrostatic forces 
specifically for dumping auroral particles have been 
suggested by Chamberlain [1961] and Kern [1961]. 
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